Abstract. Alluvial fans are often present at the outlet of small drainage basins in alpine valleys; their formation is due to sediment transport associated with flash floods and debris flows. Alluvial fans are preferred sites for human settlements and are frequently crossed by transport routes. In order to reduce the risk for economic activities located on or near the fan and prevent loss of lives due to floods and debris flows, torrent control works have been extensively carried out on many alpine alluvial fans. Hazard management on alluvial fans in alpine regions is dependent upon reliable procedures to evaluate variations in the frequency and severity of hydrogeomorphic processes and the long-term performance of the torrent training works. An integrated approach to the analysis of hydrogeomorphic processes and their interactions with torrent control works has been applied to a large alluvial fan in the southern Carnic Alps (northeastern Italy). Study methods encompass field observations, interpretation of aerial photographs, analysis of historical documents, and numerical modelling of debris flows. The overall performance of control works implemented in the early decades of 20th century was satisfactory, and a reduction of hazardous events was recognised from features observed in the field and in aerial photographs, as well as from the analysis of historical records. The 2-D simulation of debris flows confirms these findings, indicating that debris flow deposition would not affect urban areas or main roads, even in the case of a high-magnitude event. Present issues in the management of the studied alluvial fan are representative of situations frequently found in the European Alps and deal with the need for maintenance of the control structures and the pressures for land use changes aimed at the economic exploitation of the fan surface.
Introduction
Alluvial fans at the outlet of small, high-gradient drainage basins are a common feature of alpine valleys. Although debris flows commonly dominate the formation and development of these alluvial fans, also bedload and hyperconcentrated flows contribute to the transfer of sediment from the drainage basin to the alluvial fan and its distribution on the fan surface. These flow processes result in major risk when they encroach settlements and transport routes, which are often present on the alluvial fans of the European Alps. To cope with flow processes and to reduce their hazard, torrent control works have been built on many alpine alluvial fans. As a consequence, the study of contemporary hydrogeomorphic processes must take into account the interactions between natural phenomena and the control works implemented to reduce the risks on human activities.
Three steps can be highlighted in the hazard assessment on alpine alluvial fans: 548 L. Marchi et al.: Hydrogeomorphic processes and torrent control works
The most common approaches in the reconstruction of the frequency of sedimentary events on alpine alluvial fans have tended to be the application of dendrogeochronological methods and the use of historical archival documentation. The dating of the events through dendrogeochronology is applicable on alluvial fans with forests in relatively natural condition. In the European Alps, this requirement is often met on alluvial fans covered by protection forests in the upper valleys (Strunk, 1992; Baumann and Kaiser, 1999; Stefanini and Ribolini, 2003; Bollschweiler and Stoffel, 2007) , whereas farming and urban areas often occupy alluvial fans located at lower elevations along the lower valleys. The reconstruction of the frequency of past events from historical archives is particularly fruitful where human activities are present and there is therefore documentation of the damage caused to buildings and land by floods and debris flows (Guzzetti et al., 1994; Barnikel, 2004; Marchi and Cavalli, 2007) . Depending on availability and quality of historical information and topographic data of deposits, also the magnitude of past hydrogeomorphic events can be estimated, thus permitting to establish magnitude-frequency relations (Brochot et al., 2002; Helsen et al., 2002; Stoffel, 2010) .
The methods for the zonation of hazard areas on alluvial fans can be subdivided into three classes: historicalgeomorphological (Aulitzky, 1972 (Aulitzky, , 1994 , empirical and semi-empirical (Hungr et al., 1987; Ikeya, 1989 ) and 2-D numerical models (e.g. O'Brien et al., 1993; Liu and Huang, 2006; Rickenmann et al., 2006) . Numerical models have a relatively large data requirement: their application necessitates the assessment of debris-flow volumes and peak discharges, a sound choice of rheological parameters, and a detailed representation of the topography of propagation and deposition areas. Valuable characteristics of numerical models are the spatially distributed assessment of important variables, such as flow depth and velocity, and the possibility of considering different scenarios of event magnitude and rheology.
This paper proposes an integrated approach for the analysis of hydrogeomorphic processes on alpine alluvial fans, with particular regard to the assessment of the performance of torrent control works. Sections 2 and 3 describe, respectively, methods and study area; Sects. 4 and 5 describe and discuss the results. Finally, Sect. 6 summarises the main outcomes of the research.
Methods
Study methods include field observations, interpretation of aerial photographs, collection and analysis of historical documents and numerical modelling of debris-flow propagation and deposition. The analysis of published and unpublished historical documents made it possible to reconstruct the occurrence of past floods and debris flows, and the development of torrent training works. The interpretation of aerial photographs taken from 1954 to 2003 permitted analysis of the evolution of the vegetation and to identify changes in the degree of hydrogeomorphic activity of the alluvial fan. Field observations of deposits and channel network were undertaken with the objective of recognising the flow processes (debris flows, floods with bedload) and to evaluate their activity in the various parts of the alluvial fan.
Numerical modelling of debris-flow propagation and deposition on the alluvial fan was carried out using the FLO-2D model (O'Brien et al., 1993) . FLO-2D is a two-dimensional flood routing code able to simulate inundation area of mud flows spreading on a floodplain and/or on a channel network. FLO-2D follows an explicit finite-difference scheme, which distributes a bulked sediment-graph over a Digital Elevation Model (DEM) of selected square cells by means of the Saint-Venant equations. The dynamic equation is applied for each time step to the eight possible flow directions respect to the central cell and it is combined with the continuity equation for unsteady flow. The inflow volume is described by an entering water hydrograph coupled to a time dependent sediment-concentration graph. The model estimates the energy dissipation caused by the mixture motion by means of the rheological model proposed by O'Brien et al. (1993) . This model is also known as quadratic model, because the total shear stress results by adding to the classic Bingham model the product of a constant by the quadratic shear rate. The choice of FLO-2D was suggested by the satisfactory applications carried out in the Italian Alps under different lithological conditions and for various debris-flow typologies (D'Agostino and Tecca, 2006; Sosio et al., 2006) . Model application was intended to assess the deposition zones for a debris flow of high magnitude. It provided a further test, alongside the historical approach, based on records of past events and aerial photo interpretation, of the effectiveness of torrent training works.
Study area

Drainage basin and alluvial fan
The Rivoli Bianchi ("White Rills") alluvial fan is a complex system of coalescing alluvial fans in the Southern Carnic Alps (northeastern Italy) (Fig. 1) . The alluvial fan covers an area of 2.71 km 2 , ranges in elevation from 285 to 570 m and has a mean slope of 6.6 • . Alluvial fan slope displays a marked variability, ranging from 10 • -11 • at the proximal part to 2 • -3 • in the lower areas in the northern and southwestern zones.
Six small drainage basins, covering a total area of 6.03 km 2 , contributed to build the Rivoli Bianchi alluvial fan (Fig. 1) . These basins are drained by ephemeral streams, on which sediment transport only occurs during intense runoff events. One stream, the Rio Citate, was responsible for building the majority of the alluvial fan. The Rio Citate drains a basin of 1.02 km 2 , with a range in elevation from 570 to 1825 m and an average slope of 49 • . Solid bedrock in the study area consists of carbonate rocks (dolomite and limestone); scree slopes are common at the foot of the rock slopes; the distal part of the alluvial fan merges into the alluvial deposits of the main river (Tagliamento River) (Fig. 2) .
The study area is located in a seismically active region (Boschi et al., 2000; Carulli and Slejko, 2005) . On 27 March 1928, an earthquake with a maximum intensity IX of the Mercalli-Cancani-Sieberg scale, and whose epicentre was approximately 6 km southwest of the study area (Boschi et al., 2000) , caused a large rockfall in the basin of the Rio Citate (Gortani, 1928) . The most recent strong earthquake occurred in 1976: a shock of 6.4 magnitude on 6 May was followed by a long seismic sequence with three further strong shocks on 11 and 15 September (magnitude from 5.8 to 6.1). The epicentres of the 1976 earthquakes were at a distance of approximately 10 to 15 km from the study area. Widespread landslides (mostly rockfall) triggered by the 1976 earthquakes were described and mapped by Govi and Sorzana (1977) and Govi (1977) . The map of Govi and Sorzana (1977) shows that the seismic shocks of 1976 caused the falling of rock blocks in the drainage basin of the Rio Citate. No quantitative data are available on the volumes of debris supplied by the earthquakes to the channel network. However, the sources cited above outline that in the time span of concern in this study, which covers the last 100 years, at least two earthquakes caused rock instability in the feeder basin of the Rivoli Bianchi alluvial fan, thus increasing the availability of mobilisable debris. The assessment of the role of neotectonics on the long-term evolution of the Rivoli Bianchi alluvial fan is beyond the scope and aims of this paper. Figure 3 shows the relationship between alluvial fan area and basin area for a sample of 62 alluvial fans in the eastern Italian Alps. The wide scatter in the relationship is due to the heterogeneous geolithological and geomorphological conditions in this region. The Rivoli Bianchi alluvial fan lies in the upper part of the scatterplot, regardless if the entire alluvial fan or only the section of it formed by the Rio Citate is considered. The large alluvial fan area is due to abundant sediment supply from the drainage basins, which in turn is caused by steep slopes, active seismicity and a high degree of rock fracturation. Climatic conditions are typical of the easternmost part of the Italian Alps, with abundant precipitation throughout the year: mean annual precipitation amounts to 2000 mm with maximum in November (approximately 250 mm) and minima in January and February (approximately 115 mm); the average temperature of the warmest and the coldest months, is 20.1 • C (July) and 0.6 • C (January), respectively.
Torrent control structures
Risk to agricultural areas and transport routes, induced by floods and debris flows in the lower part of the alluvial fan, has led to the implementation of works aimed at controlling sedimentary processes.
Early works, constructed in the 19th century, consisted of the construction of an embankment at the western limit of the alluvial fan of the Rio Citate along the confluence with the Rio Cornons. In the early 20th century, an attempt was made to channelise the flow in the southern sector of the fan. A debris flow that occurred in November 1904 (Gortani, 1906) caused major damage to these works, showing their inadequacy.
More systematic hydraulic works were built in the 1920s-1930s (Bonicelli, 1928) , with repairs and additions made in the following years and decades (Stefanini, 1982) . Stone masonry grade-control dams were built within the drainage basin of the Rio Citate and at the fan apex, with the objective of stabilising the channel through the reduction of slope (Fig. 4a) . A diversion dike was built on the left bank of the Rio Citate starting from the fan apex, with a length of about 300 m (Fig. 4b ). This structure was intended to direct the flow to the right part of the alluvial fan, preventing flooding of the left (southern) sector, where at-risk elements (national road, railway) were located. More check dams were constructed in the lower part of the left sector and on the Rio Cornons, which borders the alluvial fan of the Rio Citate (Fig. 4c) .
Results
Hydrogeomorphic processes
The hydrogeomorphic processes affecting the Rivoli Bianchi alluvial fan and their evolution in the last century were analysed by means of historical documents, aerial photos and field surveys.
Scientific papers and documents from historical archives (technical reports, newspaper articles, and written communications from local authorities to governmental offices) made it possible to reconstruct the occurrence of the most intense alluvial events on the fan, and provided descriptions of the phenomenology. Table 1 presents the record of main hydrogeomorphic events on the Rivoli Bianchi alluvial fan since the second half of the 19th century. Documents reporting on floods and debris flows regard major events, which have resulted in damage to properties and transportation routes. Minor events have not been found in the available documentation, therefore meaning that the actual frequency of hydrogeomorphic processes on the Rivoli Bianchi alluvial fan is likely higher than that arising from Table 1. The most common damage regards the embankment at the western limit of the alluvial fan; whereas damage to embankments and check dams reported after the 1933 and 1935 events indicate that the control constructions were already providing some degree of torrent bed stabilisation. Since the 1970s, thanks to the increased attention of natural hazards and better conservation Damage to the embankment at the western limit of the alluvial fan, sediment deposition on cultivated areas, sediment obstruction of bridges.
20-21 Sep 1920
Damage to the embankment at the western limit of the alluvial fan.
9 Oct 1933 Damage to the embankment at the western limit of the alluvial fan. Damage to check dams.
16 May 1935 Damage to the embankment at the western limit of the alluvial fan. Damage to check dams. Bridges on the National Road and railway clogged by sediment. of documents, some information is also available for minor events, which did not cause damage to properties and transport routes (e.g. Querini, 1986) . Old documents and papers, when viewed from the modern perspective, usually contain imprecise terminologies for the classification of sedimentary processes. However, the description of phenomena often provides elements useful for the recognition of flow processes. As an example, Bonicelli (1928) A paper by Gortani (1912) presented a topographic map on the scale of 1:15 000 of the Rivoli Bianchi alluvial fan. This map was georeferenced and overlapped onto an orthophoto taken in 2003 (Fig. 5) . The comparison of these two pictures makes it possible to evaluate the main changes that occurred in almost 100 years on the alluvial fan. In the Gortani's map (1912) , the most active areas were in the southern and southwestern parts of the fan, which were crossed by multiple channels. This area is now more stable, and the flow confined to narrow and well-defined channels. It is also worth noting the urban expansion in the southwestern sector of the fan, formerly used for agriculture and partially occupied by active channels (b in Fig. 5 ). Relatively minor changes have occurred in the central part of the fan, which was already partly vegetated in the early years of 20th century (c in Fig. 5 ). The northern part of the fan (d in Fig. 5 ) now serves as a debris storage area.
Aerial photographs make it possible to focus on changes in fan surface that occurred since the 1950s. Fig. 6b . The presence of this channel in the lower part of the fan is due to the inflows from two tributaries located south of the Rio Citate basin (Fig. 1) , and probably also to saturation overland flow caused by the rise of groundwater after long-lasting rainfall. Sediment transport processes in this channel occurs as bedload, and can involve particles up to the size of pebbles.
Field observation allowed identification of sediment transport and deposition processes currently active on the alluvial fan. Sediment transfer from the drainage basin to the alluvial fan occurs both as debris flows and water floods with bedload and suspended load. Deposits ascribed to debris flows are observed in the upper part of the alluvial fan (Fig. 7a) , whereas the distal parts are mostly affected by bedload and suspended load transport (Fig. 7b) . Debris-flow deposits consist of angular to subangular, clast to matrix-supported gravel and pebbles with scattered boulders; the debris-flow matrix is composed of granules and coarse to silty sand. Overall, these features of debris-flow deposits are consistent with those generated from other catchments with dolomite rocks (Moscariello et al., 2002) .
Historical documents and papers permit reconstructing the occurrence of major hydrogeomorphic events on the Rivoli Bianchi alluvial fan, but do not provide data on their magnitude. However, the Gortani's map (Fig. 5) offers elements for an approximate estimation of areas and sediment volumes involved in the large hydrogeomorphic events that occurred at the end of 19th century and in the first decades of 20th century. The active sectors of the alluvial fan, which correspond to unvegetated areas on the Gortani's map, cover 0.76 km 2 . Active areas, occupied by fresh deposits and active channels, include both debris-flow deposits and bedload channels and deposits: the occurrence of different flow processes makes it difficult the estimate of sediment volumes. Moreover, the Gortani's map (1912) does not refer to one specific event: it is likely that one event does not affect all active areas. We focus on the debris flows of the Rio Citate, which are the most hazardous processes on the Rivoli Bianchi alluvial fan. Observations of the deposits on the fan surface indicate that the debris-flows deposits of the Rio Citate are present in the central part of the alluvial fan, corresponding to an area of approximately 0.125 km 2 on the Gortani's map. Assuming a mean thickness of the deposits of 1.0 m, we obtain a debrisflow volume of 125 000 m 3 . This value of debris-flow magnitude is affected by approximations in mapping and in the estimation of the thickness of the deposits and should be considered as a roughly approximate estimate.
Trends in the time series of intense precipitation have been investigated through the analysis of maximum annual rainfall of durations of 1, 3, 6, 12, 24 h and 1 to 5 days, recorded from 1922 to 1995 at a nearby raingauge. Figure 8 presents the values of maximum annual precipitation and the Sen's linear model for the trend (Sen, 1968; Salmi et al., 2002) . The application of the Mann-Kendall test (Hipel and McLeod, 1994) has shown no trend in the time series concerned for most of the durations. However, at a level of significance of 0.05, a decreasing trend has been observed for the longest rainfall durations (3, 4 and 5 days).
Debris-flow modelling
The FLO-2D model was applied to assess the area flooded by a high-magnitude debris flow of the Rio Citate on the Rivoli Bianchi alluvial fan. The simulation was intended to test the performance of control structures in containing debris-flow expansion for a high-magnitude event. Although both debris flows and floods with bedload occur on the Rivoli Bianchi alluvial fan, numerical simulation focuses on a debris flow because debris flows are the main process of sediment transfer from the drainage basin to the alluvial fan and display a higher hazard than bedload.
Debris flows in the Rio Citate originate from erosion and entrainment of loose debris from channel bed and banks and shallow failures of the side slopes. This initiation process and the large availability of mobilisable debris in the catchment make it possible to assess debris-flow discharge from water flood according to the volumetric method proposed by Takahashi (1978) . The sediment concentration by volume (C v ) was supposed linearly increasing and decreasing during the rising and falling stage of the hydrograph respectively, and to reach its maximum value at the flood peak (D'Agostino and Marchi, 2003) . It is important to note that the volumetric method is not mass conservative, as it implies that a water discharge is generated by the failure of the saturated stream bed and then is added to the triggering discharge during debris-flow formation (D'Agostino, 2006) . The FLO-2D model evaluates the bulked (total water plus sediment) flow rate (Costa, 1984) by means of Eq. (1):
where Q d is debris-flow bulked discharge and Q 0 is water discharge. Therefore, when setting up the numerical simulation, it was decided to scale up the hydrologic flood hydrograph by adding the water discharge released from channelbed failure. This procedure allowed not to underestimate the maximum Q d and to save the physical meaning of the sediment concentration (maximum C v value has been set to 0.70; Table 2 ). The rainfall-runoff analysis for the computation of the flood hydrograph required by the FLO-2D model was done by means of a distributed kinematic hydrological model based on the USDA-SCS method (Chow et al., 1988) . The flood was generated by a hyetograph with 100 years return period, computed from the maximum annual data recorded at a raingauge approximately 3 km from the Rio Citate basin. The rainfall scenario lasts for 45 min with increasing intensity. Table 2 summarises the main characteristics of the simulated event.
The method adopted for the assessment of debris-flow volume and hydrograph in the Rio Citate has the advantage of combining geomorphological observations, related to the recognition of erodible volumes, with the hydrological assessment of water runoff, i.e. the agent of debris erosion and entrainment. However, since the assessment of debrisflow magnitude is affected by relevant uncertainties, a consistency check with historical data recorded in the same region is advisable. Figure 9 compares the debris-flow volume estimated in the Rio Citate with a sample of 125 debris flows that occurred in northeastern Italy since late 19th century (Marchi and D'Agostino, 2004) . The debris-flow volume computed for the Rio Citate lies in the upper part of the scatterplot of debris-flow volumes versus basin area. This ensures that the debris flow devised for FLO-2D simulation represents a challenging event for evaluating the performance of control structures. The estimated debris-flow volume, although somewhat smaller, has the same order of magnitude of the volume computed on the Gortani's map (Sect. 4.1). The large volume of the debris flow is consistent with the characteristics of the catchment, which is characterised by large availability of erodible debris and steep slopes. The alluvial fan DEM (10 m grid size) was derived by interpolating elevation data extracted from the topographic maps of the Friuli Venezia Giulia Region (scale 1:5000; contour lines equidistance equal to 5 m). The DEM of the alluvial fan, including in it the depressions of the incised channels, represented the FLO-2D domain of computation. The FLO-2D levee component was used to describe more accurately the longitudinal pattern and the top height of the diversion dike on the left bank of the Rio Citate (Fig. 4b) . The hydraulic roughness was estimated according to land use on the fan; the followings values of the Manning coefficient were selected: 0.07 for channels and bare debris, 0.10 for sparse shrubs areas, and 0.14 for dense shrubs and trees.
Two sets of rheological parameters were used in the analysis. The first rheology, named "Aspen Pit 1" in O' Brien and Julien (1988, p. 882) , considers a flow with high values of viscosity and yield strength. The second scenario assumes the " Kang and Zhang" rheology (in O'Brien and Julien, 1988, p. 882-883) , which represents a flow with a mediumlow shear stress. The "Kang and Zhang" rheology proved to produce reliable flooded areas for debris flows generated from dolomite rocks, whose characteristics are similar to those of the debris flows in the studied area (D'Agostino The results of both simulations demonstrate that the flooded fan area (0.19 km 2 with Aspen Pit 1 rheology, and 0.34 km 2 with Kang and Zhang rheology) does not involve the southern part of the alluvial fan. Figure 10a presents the map of maximum flow depths for the Kang and Zhang rheology, which computes the largest flooded area. It is possible to note that the longitudinal dike contains the maximum flow depth, and no avulsion occurs to the left banks. The decisive role of the diverting dike on the left bank in preventing the flooding of the southern sector of the alluvial fan is confirmed by model simulation of the same debris flow (Kang and Zhang rheology) after removing the dike (Fig. 10b) . The channel reach where maximum flow depths occur shortens (Fig. 10b) , but maximum depths do not change ( Fig. 10a and  b) . Maximum flow velocities are reduced by 10%. Total flooded area rises to 0.6 km 2 , and the absence of the diversion dike causes large areas of the southern sector of the alluvial fan to be inundated, although generally with shallow flow depth. It is also possible to observe that the flooded areas in Fig. 10b agree well with the active areas of the historical map by Gortani (1912) 
Discussion
The lack of major damage from floods and debris flows in recent decades, as well as the development of vegetation in previously bare areas and the narrowing of the channels in the southern part of the alluvial fan (Figs. 5 and 6) could be ascribed to a variety of causes: the depletion of sediment sources within the drainage basins, rainfall conditions less favourable to flood and debris flow occurrence, and the effect of the control works.
Field observations and aerial photo interpretation show that the availability of mobilisable debris in the drainage basin of the Rio Citate, which dominates the Rivoli Bianchi alluvial fan, is not a limiting factor for the occurrence of debris flows.
The analysis of intense precipitation presented in the Sect. 4.1 is not fully exhaustive because also rainstorms that do not correspond to annual maxima may trigger debris flows. However, the absence of a significant decreasing trend in the most intense rainfall for a wide range of durations, including the shortest ones, which are usually associated to debris-flow triggering in the region under study, suggests that the observed decrease in debris-flow activity could hardly be referred to an attenuation of intense rainfall. The decrease of rainfall amounts for the durations from 3 to 5 days could be responsible for an attenuation of long-lasting floods with sediment transport and could represent a possible concomitant cause, but not the only explanation, for the lack of major hydrogeomorphic events in recent decades.
Control works influence the hydrogeomorphic processes on the alluvial fan both through the decrease of sediment transfer from the drainage basin to the alluvial fan, achieved through the use of check dams on the Rio Citate, and the diversion of the channel of the Rio Citate toward the northern sector of the alluvial fan. Although it is difficult to discriminate the relative importance of the two effects, we note that grade control structures built in the basin of the Rio Citate do not prevent the flooding of the northern sector of the fan. The diverting dike thus seems to have played a key role in stabilising the southern sector of the fan, by disconnecting that area from the sediment transport events of the Rio Citate. This is indicated by the expansion of vegetation onto areas formerly almost bare (Fig. 6 ) or crossed by multiple active channel (cf. the historical map of Fig. 5 ). The positive verification which was conducted through the numerical model makes stronger the conclusion (Fig. 10) . Nevertheless a cautionary note is appropriate: the soundness of a specific application has not to legitimate the dogmatic use of this mathematical tool to assess debris-flow hazard. Actually, a number of physical processes (self-formation of levees, bank and bed erosion, flow-state-dependent rheology, multi-phase flow) are not considered by the model, whose results should be treated with caution.
The reduction of hazard achieved by torrent control structures, often leads to political pressures to remove land use limitations. This happens also in the Rivoli Bianchi alluvial fan, where the stabilisation of the fan surface occurring in recent decades has resulted in an increased pressure for its economic exploitation (farming and cattle-breeding). When considering these requests, the original objective of torrent control works should be taken into account. With regard to the case study in this paper, the training works on the Rivoli Bianchi alluvial fan were intended to protect the road and the railway located at the southern end of the fan, rather than to achieve a complete stabilisation of the fan surface. These aspects are particularly relevant when the requests for land use changes do not relate to the use of alluvial fans for agriculture, as for the Rivoli Bianchi alluvial fan, but the expansion of urban areas, as often occurs in other alpine areas.
Conclusions
This study has demonstrated the suitability of a comprehensive approach, based on analysis of historical documents, aerial photo interpretation, field observations and numerical modelling of debris flows, for enabling recognition of contemporary hydrogeomorphic processes and evaluation of the long-term effect of torrent control works on alluvial fans.
Although geomorphic processes causing sediment supply from basin slopes to the channels are still active, and there are no evidences of a reduction in intensity of rainstorms, no debris flows with relevant damage have been recorded in the last decades. The absence of hazardous events since the late 1930s, which differs from repeated debris-flow damage observed in the previous decades (Table 1) , can thus be ascribed to the effectiveness of control works implemented on the Rivoli Bianchi alluvial fan. The results of the 2-D numerical simulation of a high-magnitude debris flow, carried out taking into account the control works built on the fan, confirm that flow propagation does not affect areas with elements at risk. Current management considerations of the Rivoli Bianchi alluvial fan are listed below:
-although control structures have produced a reduction of hazards, high-magnitude debris flows can still deposit considerable amounts of debris on the alluvial fan;
-in order to keep the torrent control structures effective, they must undergo periodical maintenance;
-the pressures for permitting cattle breeding on the alluvial fan raise concerns for the stability of a fragile environment and the possible risk of groundwater pollution.
These issues and the associated implications are common to many alluvial fans in alpine valleys, in which the decrease of frequency and severity of debris flows, achieved thanks to hydraulic works, leads to disregard the persistency of residual hazards. The maintenance of torrent control works built in past decades is of major importance to ensure their effectiveness in controlling hazards on alluvial fans. The long time elapsed from early extensive implementation of torrent regulation works in the Alps has urged studies aimed at evaluating their efficiency, and possible need for maintenance (Garitte and Lahousse, 2002; Mazzorana, 2008) . In the Rivoli Bianchi area, the check dams of the Rio Cornons and those built on the left sector of the alluvial fan recently underwent maintenance works.
